The pathogenic yeast Cryptococcus neoformans and C. gattii commonly cause severe infections of the central nervous system in patients with impaired immunity but also increasingly in immunocompetent individuals. Cryptococcus is phagocytosed by macrophages but can then survive and proliferate within the phagosomes of these infected host cells. Moreover, Cryptococcus is able to escape into the extracellular environment via a recently discovered nonlytic mechanism (termed expulsion or extrusion). Although it is well established that the host's cytokine profile dramatically affects the outcome of cryptococcal disease, the molecular basis for this effect is unclear. Here, we report a systematic analysis of the influence of Th1, Th2, and Th17 cytokines on the outcome of the interaction between macrophages and cryptococci. We show that Th1 and Th17 cytokines activate, whereas Th2 cytokines inhibit, anticryptococcal functions. Intracellular yeast proliferation and cryptococcal expulsion rates were significantly lower after treatment with the Th1 cytokines gamma interferon and tumor necrosis factor alpha and the Th17 cytokine interleukin-17 (IL-17). Interestingly, however, the Th2 cytokines IL-4 and IL-13 significantly increased intracellular yeast proliferation while reducing the occurrence of pathogen expulsion. These results help explain the observed poor prognosis associated with the Th2 cytokine profile (e.g., in human immunodeficiency virus-infected patients).
The two encapsulated yeast species Cryptococcus neoformans (serotypes A and D) and C. gattii (serotypes B and C), the causative agents of cryptococcosis, can cause life-threatening infections of the central nervous system (e.g., meningoencephalitis) (9) .
Initial infection with Cryptococcus is believed to occur via the inhalation of airborne propagules and the subsequent colonization of the respiratory tract (9) . In mouse and rat model systems, C. neoformans is internalized by alveolar macrophages shortly after inhalation (17, 22) . Furthermore, C. neoformans phagocytosis by mouse, rat, guinea pig, and human macrophages in vitro has been demonstrated repeatedly (8, 16, 37, 49) and is triggered by direct recognition of the yeast or by receptor-mediated recognition via complement or antibodies (38) . However, Cryptococcus seems to have developed a unique method to manipulate host macrophages. After phagocytosis, C. neoformans can survive and proliferate within these infected host cells, eventually leading to macrophage lysis (2, 15, 17, 18, 33, 50) . Moreover, a novel expulsive mechanism by which the yeast can exit macrophages without killing the host cell, thus avoiding a local inflammatory response, has recently been described (3, 34) .
Results from restriction fragment length polymorphism analyses suggest that initial infection with Cryptococcus often occurs in early childhood and can be followed by a long latent phase in immunocompetent individuals (21) . However, C. neoformans is generally capable of disseminating to other organs within the human body and shows a predilection for the central nervous system, where it can lead to life-threatening meningitis and meningoencephalitis (27) . Although the molecular basis of latency and expulsion is not known, the so-called Trojan Horse model suggests that replication in and eventual expulsion from macrophages may offer a potential explanation for how C. neoformans stays latent and spreads within the host without triggering immediate immune responses (11, 46 ). An improved understanding of the interaction between macrophages and Cryptococcus is therefore critical for the development of more effective therapies.
In healthy hosts, the cryptococcal infection is usually selflimiting, suggesting effective clearance or maintenance in a latent state by phagocytic cells. The outcome of cryptococcosis depends on the immune status of the infected individual and the cytokine pattern generated in response to the pathogen. Although it is well established that the host's cytokine profile dramatically affects the outcome of cryptococcal disease, the molecular basis for this effect is unclear. Both Th1 and Th2 cytokines are involved in protection against C. neoformans, but whereas Th1-associated cytokines are essential for natural immunity, Th2-associated immunity is not protective in mice (6, 24, 25) . Increased expression of Th1 cytokines, such as tumor necrosis factor alpha (TNF-␣) and gamma interferon (IFN-␥), results in improved fungal control (19, 29, 36, 53) , while IFN-␥ knockout mice show increased fungal burdens (4). In 2007, Müller et al. (39) showed a significant role for the Th17 response and the proinflammatory cytokine interleukin-17 (IL-17) in modulating the survival of Cryptococcus-infected mice. In contrast, Th2 cytokines such as IL-4 and IL-13 reduce the host's ability to deal with C. neoformans in vivo (7, 14, 28, 39) .
Despite these observations from animal models, little work on the in vitro effects of Th1, Th17, and Th2 cytokines on the interaction between macrophages and Cryptococcus has been done. Here, we report a systematic study of cytokine influence on macrophage-Cryptococcus interactions for a representative selection of Cryptococcus strains. Our results demonstrate that Th1-and Th17-stimulated macrophages are significantly better at phagocytosing cryptococci and at controlling the intracellular proliferation of this pathogen than Th2-stimulated cells. In contrast, Th2-activated macrophages show a significantly lower rate of cryptococcal expulsion than Th1-or Th17-activated cells. Together, these data help explain the susceptibility phenotype associated with Th2 cytokine profiles in vivo.
MATERIALS AND METHODS
Yeast strains and growth conditions. C. neoformans serotype A strains H99 and ATCC 90112, both originally isolated from patient cerebrospinal fluids, and C. gattii serotype B strain R265, a clinical isolate from an outbreak on Vancouver Island, Canada, were cultured in liquid YPD medium [1% peptone, 1% yeast extract, 2% D-(ϩ)-glucose] for 24 h at 25°C with shaking at 240 rpm prior to experimental use (34) .
Mammalian cells and growth conditions. The semiadherent macrophage-like cell line J774 and human primary monocyte-derived macrophages were used for experimental work. The J774 cell line is derived from a reticulum sarcoma that arose in a female BALB/c/NIH mouse (43) . The cells were used between passages 5 and 20 after thawing and were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml streptomycin, and 100 U/ml penicillin at 37°C and 5% CO 2 (34) . Human primary peripheral blood monocytes were isolated from buffy coats in samples supplied by the local blood transfusion unit from eight independent healthy volunteers. To separate and collect the mononuclear cells, each sample was diluted twofold and a 30-ml aliquot was centrifuged over a 20-ml Ficoll-Paque PLUS cushion at 400 ϫ g for 30 min. The mononuclear layer was collected and washed multiple times with phosphate-buffered saline (PBS; pH 7.2) to remove platelets. Monocytes were isolated by adherence to plastic at a concentration of 4 ϫ 10 6 to 6 ϫ 10 6 cells/ml in RPMI 1640 medium supplemented with 2% FBS, 2 mM glutamine, 100 U/ml streptomycin, and 100 U/ml penicillin at 37°C and 5% CO 2 for 1 h. Nonadherent lymphocytes were removed with warm PBS, and the adherent cells differentiated into macrophages in RPMI 1640 medium containing 100 U/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) supplemented with 10% FBS, 2 mM glutamine, 100 U/ml streptomycin, and 100 U/ml penicillin (culture medium) at 37°C and 5% CO 2 . After incubation overnight, the cells were washed with warm PBS and detached with ice-cold PBS on ice for 30 min. The macrophages were collected, resuspended, and plated into 24-well plates at a concentration of 5 ϫ 10 5 cells/well in RPMI 1640 medium containing 100 U/ml GM-CSF. The next day, the medium was replaced by GM-CSF-free RPMI 1640 medium, and the cells were cultured for another 4 days at 37°C and 5% CO 2 before assays were commenced.
Infection of macrophages with Cryptococcus. One milliliter of J774 cells (10 5 cells/ml) in culture medium were plated into each well of a 24-well tissue culturetreated plate 24 h prior to infection and kept at 37°C and 5% CO 2 . One hour before infection, J774 cells were switched into serum-free Dulbecco's modified Eagle's medium (supplemented as RPMI 1640 medium but without FBS) with, if applicable, the following recombinant mouse cytokines (ImmunoTools GmbH) at the indicated concentrations: 10 U/ml IFN-␥, 1 ng/ml TNF-␣, 10 ng/ml IL-17, 10 ng/ml IL-4, and 10 ng/ml IL-13. The human primary macrophages were preincubated with recombinant human cytokines (ImmunoTools GmbH) in RPMI 1640 medium for 24 h prior to the experiment and in serum-free RPMI 1640 medium for 1 h before infection. At the same time, Cryptococcus cells from 24-h-old liquid cultures were washed three times with PBS, counted in a hemocytometer, and opsonized with 10 g/ml of the monoclonal antibody 18B7 (a kind gift from Arturo Casadevall) or 10% human serum at 37°C for 1 h. Human sera from healthy volunteers were obtained from blood samples that were allowed to clot for 3 h at 37°C before the serum fraction was drawn off and used immediately. After preincubation, the opsonized yeast cells were directly added to the J774 cells or the peripheral blood macrophages at a ratio of 10 yeast cells per macrophage and phagocytosis was allowed to proceed for 2 h at 37°C in a 5% CO 2 atmosphere. Afterwards, noninternalized yeast cells were removed by extensive washes with prewarmed PBS, and the effectiveness of washing was confirmed under a microscope (34) . Phagocytosis assay. To assess the extent of Cryptococcus phagocytosis, J774 cells or human primary macrophages were grown on acid (1 M HCl)-washed 13-mm glass coverslips and infected as described above. Cells were fixed on the coverslips with 4% paraformaldehyde for 20 min at 4°C. The coverslips were washed three times in PBS and twice in distilled water before being mounted in Mowiol mounting medium (100 mM Tris-HCl, pH 8.5, 9% Mowiol, 25% glycerol) onto microscope glass slides. A total of at least 1,000 cells per sample coverslip were observed, and samples were scored according to the number of cells with internalized yeast cells. The extent of Cryptococcus phagocytosis was calculated as the percentage of cells with internalized Cryptococcus (referred to hereinafter as the percent phagocytosis). Three individual experiments for each condition were performed, and the data were tested for normality by using the Kolmogorov-Smirnov test, for homogeneity of variances by using the Levene statistic, and for statistically significant differences among the mean data by using a one-way analysis of variance. Multiple comparisons (using Tukey's honestly significant difference [HSD] test) were performed to identify statistically significant differences between pairs. A P value of Ͻ0.05 after controlling for multiplicity was considered to be statistically significant.
Proliferation assay. The ability of Cryptococcus to proliferate within J774 cells and human primary macrophages was analyzed in proliferation assays. Following infection, fresh serum-free culture medium was added to the wells and the cells were further cultured at 37°C in a 5% CO 2 atmosphere. When pretreated with cytokines, the cultures were maintained at the concentrations mentioned above. Samples were taken after infection and the removal of noninternalized yeast cells, at 0, 18, 24, 48, and 72 h. Intra-and extracellular yeast cells were counted separately with a hemocytometer after trypan blue staining. To determine the number of extracellular yeast cells, the extracellular medium was collected into a reaction tube, each well was washed with 200 l of PBS, and the wash fluid was collected into the same tube to gather any remaining extracellular yeast. Cells with intracellular Cryptococcus cells remain attached to the bottom of the dish. To count the intracellular yeast cells, cells were lysed in 200 l of distilled H 2 O at 37°C for 30 min. The cells were scraped off the bottom of the dish and collected, an additional 200 l of PBS was used to wash each well, and the wash fluid was added to the same collection tube. The intracellular yeast cells were then counted, and the results were compared to the number at time zero. The maximal intracellular proliferation rate (IPR) was used as a measure of intracellular proliferative capacity and was calculated as the highest intracellular yeast count (typically at 18 or 24 h) divided by the initial intracellular yeast count at time zero. The IPR was calculated separately for each individual experiment and for each cytokine treatment (relative to values for cells incubated with the same cytokine to control for differential uptake patterns). Three individual experiments for each condition were performed, and the data were tested for normality by using the Kolmogorov-Smirnov test, for homogeneity of variances by using the Levene statistic, and for statistically significant differences among the mean data by using a one-way analysis of variance. Multiple comparisons (using Tukey's HSD test) were performed to identify statistically significant differences between pairs. A P value of Ͻ0.05 after controlling for multiplicity was considered to be statistically significant. The growth of yeast cells alone and that of J774 cells and human primary macrophages alone under identical conditions were also recorded to rule out direct effects of cytokine treatment on macrophage or yeast cell survival.
Live-cell imaging. Following the infection of J774 cells and human primary macrophages with Cryptococcus as described above, fresh serum-free culture medium and the corresponding cytokine used for pretreatment were added to the wells before further culture at 37°C and 5% CO 2 in a controlled chamber (OKOLAB). Cells were visualized on a Nikon Eclipse TE2000-U microscope with a 20ϫ phase-contrast objective and a 1ϫ optivar lens. Images were captured every 90 s for 20 h with a Nikon Digital Sight DS-Qi1MC camera and compiled into time-lapse movies using the software NIS-Elements AR 3.0. The numbers of expulsion events in three independent experiments for each cytokine were determined by visual examination with the naked eye. Differences between treatments were tested for statistical significance by using the 2 test, and a P value of Ͻ0.05 was considered to be statistically significant.
RESULTS
Macrophage activation. Macrophages were treated with different cytokines to mimic Th1, Th17, and Th2 activation. We chose to investigate the Th1 cytokines IFN-␥ and TNF-␣, the Th17 cytokine IL-17, and the Th2 cytokines IL-4 and IL-13, as there is already considerable information available describing the influence of these cytokines on cryptococcosis in vivo. To avoid artifacts due to overstimulation, we used the lowest cytokine concentrations previously demonstrated to induce Th1,
Th2, or Th17 phenotypes, as follows: 10 U/ml IFN-␥ (40), 1 ng/ml TNF-␣ (45), 10 ng/ml IL-17 (23), 10 ng/ml IL-4 (52), and 10 ng/ml IL-13 (52) . To confirm that the cytokines were nonetheless functional at these concentrations, we monitored macrophage morphology and phagocytic capacity after cytokine exposure. Untreated J774 and primary macrophages appeared mainly round or occasionally slightly spread out. However, following the exposure of J774 cells and primary macrophages to mouse and human recombinant cytokines, respectively, most cells were extensively elongated and spread out, demonstrating that cells are effectively activated by cytokines at the concentrations tested (Fig. 1A) . To detect any cytokine-evoked cytotoxic effects on macrophages, growth was monitored over 72 h. Neither J774 cells (data not shown) nor human monocyte-derive macrophages (Fig. 1B) exhibited any cytokine-induced cytotoxicity.
Given the well-established role of proinflammatory cytokines in enhancing phagocytosis (29), we used the ability of macrophage-like cells and human primary macrophages to phagocytose Cryptococcus when treated with Th1, Th17, and Th2 cytokines as a second parameter to show the efficacy of cytokine treatment. Untreated or cytokine-treated macrophages were infected with C. neoformans strain ATCC 90112 or H99 or C. gattii strain R265 and analyzed for uptake rates (percent phagocytosis). While Th1/Th17 cytokines induced an increase in cryptococcal phagocytosis, neither IL-4 nor IL-13 treatment significantly altered uptake rates (data not shown). Similar results were obtained for all three cryptococcal strains in both mouse and human macrophages, suggesting that Th1/ Th17-dependent enhancement of phagocytosis is not strain specific.
Intracellular proliferation in J774 macrophages. Cryptococcus is known to survive and proliferate within macrophages. We made use of a recently developed method for monitoring intracellular Cryptococcus proliferation in cell culture systems (our unpublished data). In vitro, the intracellular yeast cell number increases steadily for the first 18 to 24 h, before the number starts to decline due to host cell lysis. We used the maximal IPR as a measure of proliferative capacity that enables easy comparison of IPRs under different conditions ( Fig. 2A) .
To analyze if Th1, Th17, or Th2 cytokines influence intracellular cryptococcal proliferation, untreated or cytokine-pretreated J774 macrophages were infected with the C. neoformans strain ATCC 90112 or H99 or the C. gattii strain R265 and the yeast were monitored for intracellular proliferation over 72 h. For all three strains, treatment with the Th1 cytokine IFN-␥ did not alter the IPR whereas the IPR in macrophages treated with the Th2 cytokine IL-4 was significantly increased on October 15, 2017 by guest http://iai.asm.org/ (Fig. 2B) . To confirm that these findings were not specific to these two cytokines, we measured the IPR following J774 macrophage pretreatment with TNF-␣ (Th1 cytokine), IL-17 (Th17 cytokine), or IL-13 (Th2 cytokine). The three cryptococcal strains showed similar trends in this experimental analysis, and so, for simplicity, we present representative data for only one strain. In all cases, Th1/Th17 cytokines did not alter the IPR while Th2 activation increased it (Fig. 2C) . None of the cytokine treatments altered the timing of the maximal IPR, which always occurred at either 18 or 24 h postinfection. Intracellular proliferation in primary human macrophages. To rule out any cell line-specific effects and to test the clinical relevance of the results of this study, assays of intracellular proliferation in primary human monocyte-derived macrophages were conducted. Like J774 macrophages, human macrophages activated with the Th1 cytokine TNF-␣ or the Th17 cytokine IL-17 exhibited yeast IPRs much lower than those in cells treated with the Th2 cytokine IL-4 or IL-13. It is interesting that, in contrast to J774 cells, human primary macrophages that were untreated or treated with IFN-␥ tended to have yeast IPRs higher than those in cells activated with TNF-␣ or IL-17 ( Fig. 3) , although future investigation of this phenomenon would require a larger donor pool in order to overcome significant donor-to-donor variability. Thus, the enhancement of the IPR that occurs following Th2 stimulation is conserved between mouse and human cells.
We considered the possibility that mammalian cytokines may directly affect yeast growth. However, none of the recombinant mouse or human cytokines used in this study caused significant differences in the growth rate relative to that of untreated controls over 72 h, either in the presence or in the absence of macrophages (data not shown). Thus, cytokine sig- 
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on October 15, 2017 by guest http://iai.asm.org/ naling alters the capacity of macrophages to control intracellular cryptococci, rather than having an impact on extracellular killing or the yeast directly. Influence of cytokine signaling on expulsion events in J774 macrophages. Expulsion is believed to be a possible trafficking mechanism by which Cryptococcus disseminates within the infected individual without triggering local inflammation (34) . Thus, the influence of the selected Th1, Th17, and Th2 cytokines on the occurrence of cryptococcal expulsion was analyzed using live-cell imaging. A total of 10,031 J774 macrophages (of which 1,208 showed internalized yeast cells) and 115 expulsion events were observed. The three Cryptococcus strains showed similar results (Fig. 4) . However, expulsion is a very rare event (34) , and to enable statistical analysis of the results for the different treatments, the data for all three strains were pooled and analyzed using a 2 test. No statistically significant differences between untreated macrophages and cells activated with the Th1 cytokine IFN-␥ (P Ͼ 0.5) or TNF-␣ (P Ͼ 0.2) or the Th17 cytokine IL-17 (P Ͼ 0.2) were found. Strikingly, however, the occurrence of expulsion in cultures treated with the Th2 cytokine IL-4 (P ϭ 0.0001) or IL-13 (P ϭ 0.0001) was significantly reduced (more than threefold) compared to that in the untreated cultures. Furthermore, a pairwise comparison of expulsion rates between Th1/Th17 and Th2 cytokine-treated cultures showed that the expulsion rate in each of the proinflammatory cytokine environments was significantly higher than that in each Th2 cytokine environment (P, Ͻ0.01 for all combinations).
Influence of cytokine signaling on expulsion events in human primary monocyte-derived macrophages. To test whether the reduction of expulsion in response to Th2 cytokines is an artifact of the J774 cell line, human primary macrophages were activated with the Th1 cytokines IFN-␥ and TNF-␣, the Th17 cytokine IL-17, or the Th2 cytokines IL-4 and IL-13, infected with cryptococci, and then visualized and analyzed for the occurrence of expulsion. As in J774 macrophages, the three cryptococcal strains showed similar trends (Fig. 5) , and we therefore pooled the data for all three strains to permit statistical analysis. As for J774 macrophages, expulsion rates did not differ significantly between untreated macrophages and cells activated with the Th1 cytokine IFN-␥ (P Ͼ 0.12) or the Th17 cytokine IL-17 (P Ͼ 0.68), although expulsion events were slightly (P ϭ 0.03) more common among TNF-␣-treated cells. In contrast, however, the occurrence of expulsion in cultures treated with the Th2 cytokines IL-4 and IL-13 was significantly reduced compared to that in untreated samples (P, 0.0001 and 0.04, respectively). Thus, Th2 cytokines reduce the rates of expulsion from both J774 and human primary macrophages.
Complement-opsonized Cryptococcus IPR in and expulsion from cytokine-treated J774 macrophages. While opsonizing antibodies to Cryptococcus may or may not be present during an infection, complement opsonization should occur in all healthy individuals. To determine the effects of Th1, Th17, and Th2 cytokines on complement-opsonized yeast, intracellular proliferation in and the occurrence of expulsion from cytokinetreated J774 cells infected with serum-opsonized C. neoformans strain ATCC 90112 cells were assessed. Like antibody-
FIG. 3. Intracellular
Cryptococcus proliferation is increased in Th2 cytokine-but not altered in TNF-␣ and IL-17 cytokine-treated human primary macrophages. Human primary macrophages, untreated or treated with Th1 (10 U/ml IFN-␥ or 1 ng/ml TNF-␣), Th17 (10 ng/ml IL-17), or Th2 (10 ng/ml IL-4 or 10 ng/ml IL-13) cytokines, were infected with C. neoformans strain ATCC 90112 or H99 or C. gattii strain R265 and then further incubated under the same conditions used during infection to monitor intracellular yeast proliferation. The IPR is low following treatment with the Th1 cytokine TNF-␣ or the Th17 cytokine IL-17 but higher following treatment with the Th2 cytokine IL-4 or IL-13, although due to high donor variability and the multiplicity of testing, not all comparisons are significant at the 5% level. The data are presented as the means of results from at least three individual experiments Ϯ2 standard errors of the means. Statistically significant differences among the indicated results and those for TNF-␣ and IL-17 are denoted by asterisks ‫,ء(‬ P Ͻ 0.05; ‫,ءءء‬ P Յ 0.001) .   FIG. 4 . The occurrence of cryptococcal expulsion from Th2 cytokine-treated J774 macrophages is reduced compared to that from untreated cells, but expulsion from TNF-␣ and IL-17 cytokine-treated J774 macrophages is not altered. J774 cells left untreated or treated with Th1 (10 U/ml IFN-␥ or 1 ng/ml TNF-␣), Th17 (10 ng/ml IL-17), or Th2 (10 ng/ml IL-4 or 10 ng/ml IL-13) cytokines were infected with C. neoformans strain ATCC 90112 or H99 or C. gattii strain R265 and then further incubated, under the same conditions used during infection, while being monitored for cryptococcal expulsion. The occurrence of expulsion following the treatment of cells with the Th2 cytokine IL-4 or IL-13 is significantly reduced compared to that from untreated or Th1/Th17-treated cells. The presented data were obtained from at least three individual experiments and analyzed for statistical significance by 2 tests. Statistically significant differences are indicated by asterisks ‫,ءء(‬ P Յ 0.01).
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on October 15, 2017 by guest http://iai.asm.org/ opsonized yeast, complement-opsonized yeast proliferated more readily in, but were expelled less frequently from, Th2-stimulated macrophages than Th1-or Th17-stimulated macrophages (Fig. 6) . Thus, the effects of cytokine activation appear to be largely independent of the opsonin present on the cryptococcal surface.
DISCUSSION
The importance of a Th1 immune response for controlling the cryptococcal burden is evident from the high incidence of severe C. neoformans infections in human immunodeficiency virus (HIV)-infected patients (51) and from data obtained with numerous mouse models (19, 29, 36, 53) . Here, we provide a molecular explanation for these in vivo observations. Our results strongly suggest the inhibition of anticryptococcal macrophage functions, such as phagocytosis and intracellular clearance, by Th2 cytokines, which would be likely to lead to higher fungal burdens in hosts showing a Th2-dominated response, as reported previously (7, 14, 39) .
We selected three different Cryptococcus strains to represent the two most important serotypes. The C. neoformans serotype A strains ATCC 90112 and H99, both clinical isolates from patient cerebrospinal fluids, represent the serotype most commonly isolated from immunocompromised patients, which is responsible for 95% of all C. neoformans infections (26) . The C. gattii serotype B strain R265 is a clinical isolate from the ongoing cryptococcosis outbreak in immunocompetent individuals in British Columbia, Canada, an outbreak that highlights the potential of Cryptococcus as an emerging pathogen (20, 35) . Trends for the three strains were similar throughout the study, and thus, the influence of cytokine signaling on cryptococcal pathogenesis is likely to be common to both Cryptococcus species, despite the different disease etiologies associated with the two species.
We deliberately selected the lowest possible cytokine concentrations for this study in order to minimize the risk of artifacts. Given this situation, we recognize that there may be more dramatic effects on cryptococcal behavior at higher concentrations and, thus, that the Th1-Th17-Th2 balance may profoundly affect the path of disease progression in infected patients.
We have demonstrated that intracellular yeast proliferation is increased after Th2 activation of macrophages. These find- ings provide a molecular explanation for the protective effect of Th1 cytokines such as IFN-␥ and TNF-␣ (29, 36, 53) and Th17 cytokines such as IL-17 (39) and the nonprotective effect of Th2 cytokines such as IL-4 and IL-13 (7, 14, 39) in mouse model systems. Two additional interesting observations can be made based on the IPR data set. First, it is intriguing that IFN-␥ suppresses the cryptococcal IPR in J774 cells far more effectively than that in human primary macrophages. This observation is in agreement with the data in previous reports demonstrating a reduction in the inhibition of cryptococcal growth in human alveolar and monocyte-derived macrophages after IFN-␥ treatment (30, 44) . Such findings may indicate differences in IFN-␥-related regulation of anticryptococcal functions between mouse and human macrophages. Second, in J774 cells, treatment with proinflammatory cytokines did not alter cryptococcal proliferation compared with that in untreated controls. This result is suggestive of the fact that J774 macrophages may already be partially activated by the presence of opsonized cryptococci and/or the tissue culture environment.
We have also demonstrated for the first time that Th2, but not Th1 or Th17, cytokine treatment leads to a significant reduction in the occurrence of cryptococcal expulsion, a recently described phenomenon that appears to be unique to Cryptococcus (3, 34) . The relevance of expulsion for disease progression is, as yet, unclear. However, cryptococci expelled from circulating monocytes will likely be exposed to a far greater immune attack than those that remain intracellular. In addition, reduced expulsion may favor the dissemination of Cryptococcus to the central nervous system in parasitized macrophages via a Trojan Horse mechanism (10, 31) . Thus, the suppression of cryptococcal expulsion by a dominant Th2 cytokine profile may benefit the pathogen and reduce the host's likelihood of surviving an infection. It is important that reduced expulsion alone is insufficient to account for the increased IPR observed in Th2-stimulated macrophages; even in Th1-stimulated cells, expulsion is a very rare effect (34) that cannot account for the observed differences in IPRs. Thus, cytokine signaling operates in at least two ways, first, to modify intracellular proliferation and, second, to influence the likelihood of expulsion.
How might cytokine signaling have an impact on intracellular cryptococcal behavior? The most likely scenario is that cytokine activation triggers changes in the composition of the phagosome that favor either expulsion (Th1/Th17) or proliferation (Th2). Recent data suggest that one such change may be the availability of metal ions. Many cryptococcal virulence factors such as laccase, superoxide dismutase, catalase, and urease depend upon metal ions and thus cation homeostasis. Interestingly, the anti-inflammatory cytokines IL-4 and IL-13 have been suggested to enhance iron uptake and storage by macrophages by suppressing the activation of iron regulatory proteins 1 and 2, leading to translational repression of the iron storage protein ferretin or transcriptional activation of the membrane receptor for iron uptake (52) . Thus, greater metal ion availability may increase the activity of cryptococcal virulence factors and may lead to increased intracellular proliferation in Th2-stimulated cells. In this regard, it is intriguing that urease, a cryptococcal virulence factor (13) , promotes a nonprotective Th2 immune response within the lung (42), suggesting that Cryptococcus may actively bias the host's cytokine profile to its own advantage.
The incidence of cryptococcosis increases throughout the course of HIV infection and correlates with the loss of a Th1 response in HIV-infected patients (1) and with a Th2-type cytokine profile in transplant recipients (48) . Our data indicate that the loss of Th1 cytokines significantly reduces the ability of macrophages to deal with Cryptococcus and prevents efficient cryptococcal clearance in HIV-infected patients and, therefore, that proinflammatory cytokines may be a useful therapeutic agent for the treatment of cryptococcosis. IFN-␥ has been successfully applied to enhance chemotherapy of systemic cryptococcosis in BALB/c mice (32) and in SCID mice (12) and, thus, has been suggested for use in a potential therapeutic regimen for humans. However, there seem to be differences in IFN-␥-related signaling in mice and humans. IFN-␥ has clearly been demonstrated to have a protective role in mouse model systems of cryptococcosis (5, 24) and to increase fungicidal activity of murine macrophages (19) . However, among human cells, IFN-␥ treatment reduces the capacity of human alveolar macrophages (44) and human monocyte-derived macrophages (30) to inhibit cryptococcal growth, a finding that is supported by our data. Although IFN-␥ levels at the site of infection have been negatively correlated with cryptococcal CFU (47) and IFN-␥ therapy has proved to be successful for one patient (41) , these in vitro data suggest that IFN-␥ treatment may not always be an appropriate therapeutic approach.
Taken together, our data suggest that the poor prognosis associated with Th2 cytokine profiles in cryptococcal infection may result in part from a combination of increased intracellular proliferation and reduced expulsion of the pathogen. These effects are independent of the cryptococcal strain or the phagocytic opsonin and may therefore represent a general phenomenon associated with intracellular pathogens.
